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Introduction
In general, the main defect of non-destructive methods for evaluating the properties of concrete is that any bit of property of concrete being tested is in uenced by several parameters. Besides, there is no meaningful physical relationship between what we expect from that characteristic of concrete and what the test shows. Therefore, using these methods in the evaluation of the desired characteristic of concrete (especially compressive strength) is faced with many errors. Also, they need to be supplied with the calibration graphs for every kind of concrete, which is costly and timeconsuming. Manufacturers of these devices often nd an empirical relationship for their tests. Many of these relationships are not suitable for all types of concretes and require some modi cations [1] . For this purpose, the use of mathematical and evolutionary models, such as fuzzy logic, neural networks, arti cial intelligence, and genetic algorithm, which can be managed based on empirical studies, have been developed [1] [2] [3] .
On the other hand, with the occurrence of events, such as earthquakes, res, structural changes in the desired usage of the structure, uncertainty about the quality of concrete in structures due to a defect in construction, it is necessary to evaluate the strength of existing concretes. Thus, non-destructive tests, such as ultrasonic pulse velocity test, are very good choices to evaluate the strength of concrete in the existing buildings. Because these testes are easily conductible, cost-e ective, and time-saving, they are considered by the engineers and researchers worldwide [3] [4] [5] .
By conducting multiple tests on concrete samples, Facaoaru provided the pulse velocity ranging from di erent kinds of the aggregates [6] . Malhotra studied the velocity of the pulses in samples of concrete with di erent water-cement ratios and di erent types of aggregates [7] . Gaydecki et al. investigated the propagation and attenuation of ultrasonic pulses in concrete [8] . By studying the pulses passing from concrete specimens made with limestone aggregates with di erent qualities, Carcano and Moreno proposed a model to assess the quality of concrete [9] . Through arti cial neural networks and using ultrasonic pulse velocity, Kewalramani and Gupta tried to predict the compressive strength of concrete and compared the results of neural networks and multiple variable regressions [2] . Through programming in MATLAB and considering the number of parameters of concrete, Trtnik et al. provided a model for concrete compressive strength based on neural networks and using ultrasonic pulse velocity [3] . Also, a new model was proposed by Mousavi et al. for predicting compressive strength of high performance concrete using gene expression programming [10] .
The use of lightweight structural concrete to reduce the weight of earthquake resistant buildings is very useful and has many applications. Therefore, many researchers consider the research on the properties of di erent types of lightweight concretes and evaluation of concrete strength [11, 12] .
According to the importance and application of structural lightweight aggregate (LWA) concretes in the earthquake resistant buildings, this study proposes some models to predict the compressive strength of the concrete by ultrasonic testing method, which is a nondestructive test. For this purpose, many samples of three di erent types of LWA concrete are made and tested. Then, important factors a ecting the velocity of ultrasonic pulse in concrete are studied. Finally, two di erent methods of tting exponential curve and Gene Expression Programming (GEP) are used to predict concrete strength. The proposed relationships are accurate, simple, and easy to use; they are applicable to the evaluation of the compressive strength of LWA concretes in the existing buildings.
Experimental program
To study the above-mentioned items, three types of lightweight aggregate concrete were made and tested. For convenience, each kind of concrete was named. The concrete made of expanded clay was named LWA01; the concrete made of natural (mineral) pumices with the maximum nominal size of 1=2 inches was named LWA02; and the concrete made of natural pumices with the maximum nominal size of 3/4 inches was named LWA03. In all kinds of these concretes, sand was used as ne aggregates; expanded clay, mineral pumice size 1/2 inches, and mineral pumice size 3/4 inches were used as coarse aggregate.
Material properties and mix design
Considering the fact that the typical ne sand is used in light concrete construction, before the amendment, the neness modulus of the sand was 3.46 which reached 3 after sift and amendment. According to the experiments conducted, sand moisture content was 1%. In the mix design, Saturated Surface Dry (SSD) condition is needed for the sand which was 6% water. Speci c gravity of sand was 1717.65 kg/m 3 . In the standard ASTM C330, there are some implications and requirements for gradation of lightweight aggregates. The gradation of aggregates is based on these requirements [13] . The lightweight aggregates used in this study were coarse aggregates with the sizes of 3/4 inches (19.2 mm), and 0.5 inches (12.8 mm) for mineral pumices, and 3/8 inches (9.6 mm) for expanded clay. Speci c gravity for expanded clay was 365.72 kg/m 3 . Also, speci c gravity for mineral pumice with the nominal size of 1/2 inches and 3/4 inches was 693 and 653 kg/m 3 , respectively. For expanded clays and mineral pumices, the humidity of aggregates in natural environment was zero in order to be put outside and exposed to the sun. Also, according to the conducted experiments, for the aggregates of expanded clays and mineral pumices to reach the SSD condition, 13% and 15% water is needed, respectively. Picnometric speci c density factor for expanded clays was 1.1. Also, Picnometric speci c density factor for mineral pumices with the size of 1/2 inches and 3/4 inches was 1.69 and 1.59, respectively.
The lightweight aggregates were according to the standard ASTM C330 [13] , and determination of the lightweight aggregate concrete mixing ratio was based on standard ACI 211.2 [14] . In this study, more than 100 concrete samples have been tested and it is impossible to present all mix designs. But, a summary of the concrete mix designs and densities of hardened concretes is presented in the Table 1. All the weights were used for making 1 m 3 of fresh concrete and all weights were based on Saturated Surface Dry (SSD) aggregates.
The measurement method of concrete compressive strength is according to the standard ASTM C 39-83b [15] . Loading rate was considered constant ranging from 0.15 to 0.34 MPa/sec. Therefore, the lab velocity of 0.3 MPa/sec was used to break the samples. 
Ultrasonic pulse velocity test
Standard method of ultrasonic testing is conducted according to ASTM C 597 [16] . The frequency was 54 kHz and the voltage was 500 V in conducting the test. Figure 1 shows the device. The device includes a processor unit that carries out sending and receiving ultrasonic pulses and measuring the time between the two operations (sending and receiving). Also, it includes two probes and two cables, which do the transmission of ultrasonic pulses. To calibrate the device, a standard glass cylinder was used. The device is lightweight, portable, and easy to use and can also be used with or without electricity inside or outside of the lab. The device has two probes that actually transfers the sound energy. The probe sent to the concrete transmits the sound energy and the recipient probe receives this energy; the pulse ow rate is achieved according to the time di erence between these two acts. As shown in Figure 2 , in this study, the direct transfer (opposite surfaces) is used to measure the pulse ow rate.
Experimental results

Factors a ecting the ultrasonic pulse velocity
Many factors a ect the Velocity of ultrasonic pulse in concrete. Some of the most important factors considered in this paper are type of light weight aggregates, water-cement ratio (W/C), and the weight ratio of lightweight aggregate to all aggregates. All the factors mentioned above a ect the strength of concrete and also a ect the speed of the pulse. Figure 3 shows the diagrams for direct transfer velocity of sound waves (km/s) and concrete compressive strength (MPa) for LWA concrete. This diagram indicates a clear understanding of the situation of lightweight concrete and also its compressive strength. By increasing the compressive strength, the velocity of the pulse increases too; it indicates that there is a direct relationship between them. Figure 4 shows the diagrams for the direct transfer velocity of sound pulses with respect to di erent watercement ratios. This diagram shows that the increase of water-cement ratio will decrease the velocity of ultrasonic pulses and the compressive strength of concrete. Figures 5 to 7 show the diagrams for direct transmission pulses velocity with respect to the weight ratio of lightweight aggregate to all aggregates for di erent water-cement ratios. Increasing the ratio of the lightweight aggregate in all 3 kinds of concretes decreases the velocity of ultrasonic pulses and the compressive strength of concrete.
Prediction of compressive strength of concrete by tting exponential function
There is no exact and determined relationship between ultrasonic pulses velocity and compressive strength. Therefore, this relationship can be introduced by mea- suring and testing the velocity of ultrasonic pulses and the compressive strength of concrete [2] . To estimate the compressive strength according to the pulse rate, several relationships have been suggested. One of these relationships is an exponential function according to Eq. (1). These relationships are empirical, and their constant coe cients are empirically derived from multiple experiments [3, 4, 17] .
In this relation, F C is concrete strength, V is ultrasonic pulse velocity, and A and B are constants of curve tting. This relationship, at rst, has been proposed for estimating the compressive strength of normal concrete, but it can also be used for other concretes. The least squares method can be used to t the diagram and to determine the constant coe cients A and B. The method of least squares is a standard approach in regression analysis. In this method, a curve is sought to be tted through a number of points. The best t sense minimizes the sum of squares of the distances from the points to this curve. In this study, MATLAB software is used to perform the tting.
To determine the accuracy of the obtained relationships and their compatibility with the experimental results, the correlation coe cient can be used. The correlation coe cient measures the strength and direction between two variables. The correlation coe cient is scaled so that it is always between -1 and +1. When it is close to 0, this means that there is little relation between the variables; when it is close to 1, this means that there is a strong relation between the variables. In this study, the correlation coe cients are calculated between the results of experimental tests and the obtained results from the proposed mathematical formulations; they show the compatibility between the formulation and experimental results.
The achieved relation for the LWA01 is shown in Eq. (2):
In this relation, the velocity of ultrasonic pulses is based on km/s and the compressive strength of concrete at 28 days is based on MPa.
The correlation coe cient in this case is 0.76; it is not a very good result.
The achieved relation for the LWA02 is shown in Eq. (3) 
The correlation coe cient in this case is 0.94 and it is acceptable. Also, a wrong datum has been removed in this calculation.
The achieved relation for the LWA03 is shown in Eq. (4): 
The correlation coe cient in this case is 0.975 and it is acceptable. Figures 8 to 10 show the diagrams for comparison of the above equations and the data obtained from the tests. According to these gures and the calculated correlation coe cients, it is found that the exponential functions have high accuracy in estimating the compressive strength of lightweight aggregate concrete made with natural (mineral) pumices. But, good results are not obtained for concrete made of expanded clay. As previously mentioned, the exponential relation initially was provided for normal concrete, then it may not be a good result for some concretes as for sample LWA01 in this paper. But, another method is proposed in the next section of this article, and it is based on GEP which is more accurate and has good correlation coe cients for all samples.
Also in this study, the transfer velocity of indirect ultrasonic pulses was measured and the results were analysed. But, the correlation coe cients were much smaller than 1, and the results were not reliable. Considering the fact that the indirect pulse velocity is not dependent on the concrete parameters, so the results are ignored.
Prediction of compressive strength of concrete using GEP
This kind of programming is a genotype/phenotype genetic algorithm that is used as a new technology for producing computer programs (formulas). Linear chromosomes composed of genetic structure of genes are used in Gene Expression Programming (GEP). Chromosome function, like a genome, is modi ed by modulating devices such as a root replacement, gene replacement, gene composition, and one or two-point combination. Gene expression programming method is the same as Genetic Algorithms (GA) and Genetic Programming (GP) [18] . The gene expression programming method has been used to estimate the compressive strength of lightweight aggregate concrete. The t function (namely, mean squared error) and the correlation coe cient are used to illustrate the accuracy of the relationship.
Eq. (5) is obtained for LWA01 concrete. In this equation, the velocity of ultrasonic pulses is according to km/S, and the compressive strength of the 28-day concrete sample is according to MPa. Also, the accuracy and the correlation coe cients are presented under Eq. (5) Eq. (7) is obtained for LWA03 concrete. Also, the accuracy and the correlation coe cients are presented under Eq. (7) In Eq. (8), the velocity of ultrasonic pulses is based on km/s and the compressive strength of 28-day cylindrical samples is measured based on MPa. Figure 11 shows the diagram for the actual compressive strength and the estimated compressive strength based on the velocity of ultrasonic pulses. This graph shows that the experimental results are perfectly compatible with the results of Eq. (8) . On the other hand, the correlation coe cient of this equation is 0.96, which indicates the high accuracy of this proposed relationship. The advantage of Eq. (8) (compared to the tted equations) by the method of the least sum of squares is that it is applicable to any kind of LWA concretes besides having a very high accuracy, while the tted equations by the method of least sum of squares for each type of concrete is di erent. Table 2 shows the correlation coe cient of all obtained equations of the exponential function and GEP method. This table shows that the accuracy of (7)) have good accuracy and they have short, simple, and applicable relationships.
Conclusions
By examining the results of tests and presented graphs, it can be concluded that reducing the nominal maximum size of aggregate used in lightweight aggregate concrete will increase its density and compressive strength. Due to the fact that grain size of the expanded clays is smaller than the natural pumices, the concrete made of expanded clays has a smoother surface than concrete made of mineral pumices. For a speci c material, increasing the maximum size of aggregates will decrease density and compressive strength of concrete. The reason for this phenomenon is that the increasing weakening of the aggregate structure is associated with an increase in maximum size.
The results of ultrasonic pulses tests show that the increase of the compressive strength will increase the velocity of these pulses. Increasing the weight ratio of lightweight aggregates to the total weight of all aggregates in the same water-cement ratio will decrease the velocity of ultrasonic pulses. Increasing watercement ratio will decrease the velocity of ultrasonic pulses. Also, the results show that for predicting the compressive strength of concrete by results of ultrasonic pulse velocity test, the method of tting exponential function has high accuracy in estimating the compressive strength of lightweight aggregate concrete made with mineral pumices. But, it does not have good accuracy for the concrete made of expanded clay. However, the method of GEP has high accuracy for all the materials, and the experimental results are perfectly consistent with the test results. All the obtained relationships have simple and practical shape and can easily be used to estimate the compressive strength of existing concrete. To do so, it is needed to do some non-destructive ultrasonic test on existing concrete. 
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